Background: The classification of large cell neuroendocrine carcinoma (LCNEC) has generated considerable debate and has been revised since its recognition as a separate entity. Although it shares clinical features with small cell lung carcinoma (SCLC) and was classified with SCLC in the 2015 World Health Organization classification system, numerous studies have revealed inferior treatment outcomes of LCNEC when it was treated as SCLC. Because the incidence of LCNEC is rare, its mutational landscape has not been comprehensively interrogated. Methods: We performed capture-based ultra-deep targeted sequencing on tumor samples of LCNEC, large cell carcinoma (LCC), and SCLC to elucidate its biological relationship with these subtypes and to identify potentially targetable molecular alterations. Results: Our data revealed a molecular signature, consisting of RUNX1, ERBB4, BRCA1, and EPHA3, that is distinctively mutated in LCNEC. A majority (60%) of LCNEC patients harbored copy number variations (CNVs). Interestingly, there were no common CNVs shared among the three subtypes: NFкBIA amplification was shared between LCNEC and LCC, while AKT2 amplification was shared between LCNEC and SCLC. Furthermore, genetic alterations in the PI3K/AKT/mTOR pathway were enriched in all three subtypes. Conclusion: Despite the histological and/or morphological similarities among LCNEC, LCC, and SCLC, our data revealed a molecular signature, consisting of RUNX1, ERBB4, BRCA1, and EPHA3, that is distinctively mutated in LCNEC, which has the potential to be used as a panel of biomarkers to distinguish LCNEC from a molecular perspective. Furthermore, the molecular distinction among the three subtypes can also be reflected from CNV events.
Introduction
Large cell neuroendocrine carcinoma (LCNEC) of the lung is a highly malignant and poorly differentiated tumor with a poor prognosis occurring in approximately 3% of patients with lung cancer. 1 In 1991, Travis et al. first proposed to classify such tumors into a separate single category called LCNEC because of the presence of larger cells with abundant cytoplasm, a high proliferation rate, and neuroendocrine features. 2 Prior to that, these tumors were classified into different categories based on a variety of criteria. 3 Subsequently, the World Health Organization (WHO) adopted this classification and listed LCNEC as a separate entity.
The classification of large cell neuroendocrine tumors has always been controversial as they exhibit morphological features of large cell carcinoma (LCC) and immunochemical features of neuroendocrine tumors. 2, 4, 5 In 2004, LCNEC was classified as a histological variant of LCC, which was defined as an undifferentiated non-small cell lung cancer (NSCLC), lacking the architectural and cytological features of small cell lung cancer (SCLC). 4 The diverse heterogeneity observed between LCC and LCNEC in terms of cytological features and biological and clinical behavior to treatment have been reported. A study reported that LCNEC patients have significantly inferior overall survival (OS) after surgical resection compared to LCC patients, even in stage I disease. 6 In addition, LCNEC exhibits differential cytological, clinical, and biological features than those of classic LCC, thus rendering controversy regarding its classification. This classification system placed all lung cancers with large cell morphology in a group; however, it failed to address the biological behavior of these histological variants.
In 2015, WHO separated LCNEC from LCC and reclassified it under neuroendocrine tumors, along with SCLC. 7 Previous studies have shown similarities in clinicopathological characteristics and prognoses between LCNEC and SCLC patients, such as higher incidence rates in men and smokers, a high proliferation rate, and immunohistochemical features. [8] [9] [10] [11] However, numerous studies have revealed distinctions between the two subtypes, including but not limited to cell size, morphological features, and growth pattern. 12 In addition, they also differ significantly in response to certain treatments. There is a wide range of clinical responses to chemotherapy, resulting in a lack of consensus on the management of LCNEC. A multicenter prospective phase II study regarding combination chemotherapy consisting of irinotecan and cisplatin revealed significantly better OS in patients with SCLC than patients with LCNEC. 13 Furthermore, a few studies have suggested that LCNEC is a biologically heterogeneous group, which can be further classified into two major subsets: small cell carcinoma-like and non-small cell carcinoma-like.
14 A very small fraction of LCNEC is carcinoid-like. 15 Accurate distinction of the histological subtype is of major clinical relevance because subtype directed diagnosis and treatment are well established. Therefore, there is an urgent need to clarify the biological relationship between LCC, LCNEC, and SCLC.
With advances in sequencing technology, genomic profiling has significantly facilitated the classification of many cancers, including lung cancer. However, because LCNEC is rare, comprehensive genomic profiling is limited and few comparisons of genomic profiles of LCNEC and its related subtypes have been conducted. 14 In this study, we examined surgically resected samples from patients with LCNEC and related subtypes, including SCLC and LCC, using capture-based ultra-deep targeted sequencing to clarify the biological relationship between them and derive molecular signatures associated with each subtype. Our data reveal a distinct genetic profile associated with LCNEC, thus linking the current lung cancer classification scheme with the genetic landscape of this subtype.
Methods

Patients and samples
Surgically resected LCNEC, SCLC, and LCC samples taken from August 2009 to April 2015 were reviewed by two independent pathologists according to the 2015 (4th) Edition of the WHO Classification of Tumors of the Lung, Pleura, Thymus and Heart. Only histologically pure LCNEC, SCLC, and LCC were included. Specimens containing a minimum of 10% tumor cells were used for analysis.
The Ethics Committee of Shanghai Chest Hospital approved this study. All procedures in studies involving human participants were conducted in accordance with the ethical standards of the Medical Ethics Committee of Shanghai Chest Hospital. Informed consent was obtained from all participants included in the study.
Tissue DNA extraction DNA was extracted using a QIAamp DNA FFPE tissue kit (Qiagen, Carlsbad, CA, USA) according to the manufacturer's instructions. DNA concentration was measured using Qubit dsDNA assay (Thermo Fisher Scientific, Waltham, MA, USA).
Next generation sequencing library preparation
DNA fragmentation was performed using a Covaris M220 Focused-ultrasonicator (Woburn, MA, USA), followed by end repair, phosphorylation, and adaptor ligation. Fragments of 200-400 bp were selected using AMPure beads (Agencourt AMPure XP Kit, Beckman Coulter, CA, USA), followed by hybridization with capture probe baits, hybrid selection with magnetic beads, and PCR amplification. Subsequently, high-sensitivity DNA assay was performed to assess the quality and size of all fragments.
Capture-based targeted DNA sequencing
Genetic profiles of all tissue samples were assessed by performing capture-based targeted deep sequencing using the OncoScreen panel (Burning Rock Biotech Ltd., Guangzhou, China), covering 2.02 MB of human genomic regions, including all exons and critical introns of 295 genes. DNA quality and size were assessed by high sensitivity DNA assay using a bioanalyzer. All indexed samples were sequenced on a NextSeq 500 (Illumina, Inc., Madison, WI, USA) with pair-end reads.
Sequencing data analysis
The sequencing data in the FASTQ format were mapped to the human genome (hg19) using Burrows-Wheeler Aligner 0.7.10. Local alignment optimization, variant calling, and annotation were performed using GATK 3.2, MuTect, and VarScan, respectively. DNA translocation analysis was performed using both Tophat2 and Factera 1.4.3. Gene-level copy number variation (CNV) was assessed using a statistic after normalizing read depth at each region by total read number and region size, and correcting GC-bias using a LOESS algorithm.
Tumor mutational burden
The tumor mutational burden (TMB) was defined as the number of somatic, coding, base substation, and indels per megabase of genome examined. Fusions, CNVs, and noncoding mutations were not counted. Synonymous mutations were counted in order to reduce sampling noise. White blood cells were used to filter germline mutations.
Results
Patient characteristics
This study consisted of a cohort of 14 LCNEC, 10 SCLC, and 5 LCC patients at a median age of 69 (range: 48-76) years. All patients were treatment-naïve, male, and 83% (24/29) were either current or ex-smokers.
Representative hematoxylin and eosin (H&E) staining of each subtype is shown in Figure 1a -c. LCC showed a major component of polygonal-shaped cells with abundant cytoplasm and without definitive cytological and histological features of squamous cell carcinoma, adenocarcinoma, or neuroendocrine tumor (Fig 1a) . LCNEC was defined by light microscopy as a tumor with epithelioid cells and neuroendocrine morphology including organoid nesting, rosette-like structures, trabecular growth, and peripheral palisading patterns. In addition, cells were large with an irregular shape, abundant eosinophilic cytoplasm, and hyperchromatic and prominent nucleoli. Necrosis was frequent and often extensive (Fig 1b) . HE staining of SCLC showed malignant epithelial tumor features consisting of small cells with a round-to-fusiform shape, scant cytoplasm, fine granular chromatin, and no or inconspicuous nucleoli. The nuclear molding was prominent (Fig 1c) . We then examined the immunohistochemical expression of selected markers, including CK, TTF-1, CD56, P40, and Ki-67. Immunohistochemistry staining for CK showed a dot-like cytoplastic staining pattern in SCLC samples, and a mainly diffuse cytoplasmic staining pattern in LCC and LCNEC (Fig 1d-f) . LCNEC and SCLC exhibited focal reactivity for TTF-1, whereas none of the LCC tumors expressed this marker (Fig 1h-i) . Both SCLC and LCNEC tumors showed immunoreactivity to CD56 antibody (Fig 1k,l) . LCC lacked TTF-1 and p40 expression (Fig 1g,j) . Notably, all tumors displayed high proliferative activity, as revealed by the strong expression of Ki-67 (Fig 1m-o) .
Mutation spectrums of LCNEC, LCC, and SCLC
The classification of LCNEC of the lung has generated considerable debate and has been revised since its recognition as a separate entity. LCNEC of the lung is traditionally classified as a histological variant of large cell carcinoma (LCC). However, it exhibits differential cytological, morphological, clinical, and biological features than those of classic LCC, thus it was re-classified under neuroendocrine tumors in 2015. Because of its rarity, its genomic profile has not been comprehensively interrogated and compared against its counterparts, including LCC and SCLC. To interrogate the molecular landscapes of the three subtypes, we performed capture-based ultra-deep targeted sequencing using Burning Rock Biotech's OncoScreen Panel, which consists of all exons and critical introns of 295 cancerrelated genes. This panel can be used to detect multiple classes of somatic mutations, including single nucleotide variation (SNV), rearrangements, CNVs, and insertions and deletions (INDELs) and can be used to detect genomic alterations, both qualitatively and quantitatively. Among the 29 patients, 14 of were diagnosed with LCNEC, 5 with LCC, and 10 with SCLC.
Overall, we identified 335 mutations spanning 157 genes, including 248 SNVs, 29 INDELs, and 22 copynumber amplifications (CNAs). The mutation spectrum of each subtype is shown in Figure 2a , with TP53 being the most frequently mutated gene in all subtypes, occurring in 60%, 86%, and 70% of LCC, LCNEC, and SCLC, respectively. RB1 mutation, a hallmark of SCLC, was also detected in 36% of LCNEC and 20% of LCC patients. Interestingly, four LCNEC patients exhibited concurrent TP53 and RB1 mutations, a hallmark of SCLC. Mutations in LRP1B, a member of the low-density lipoprotein receptor family and a putative tumor suppressor, were also frequently observed in all three subtypes: 40%, 36%, and 40% of LCC, LCNEC, and SCLSC, respectively. Other mutations shared by all three subtypes included but were not limited to FAT3, SMARCA4, NOTCH3, PIK3CG, PIK3CA, and KMT2D. The most frequently mutated genes are shown in Figure 2b . It is important to point out that no classic NSCLC driver mutations were identified in this cohort. In addition to the above-mentioned common features, our data revealed a unique molecular signature, consisting of four genes, RUNX1, ERBB4, BRCA1, and EPHA3, that were only mutated in LCNEC (Fig 2a) . Such a signature can potentially be used to distinguish LCNEC from its counterparts.
Copy number variation analysis
CNVs have the potential to underlie diseases by altering the diploid status of DNA. We performed CNV analysis to compare and contrast the genomic variability generated by deletions and amplifications. Our data revealed a higher prevalence of CNA in LCNEC, with 60% of cases harboring such alteration, including SOX2, KRAS, EGFR, KIT, PDGFRA, NFKBIA, and NKX2-1. Among them, amplification of KRAS, EGFR, KIT, PDGFRA, and NKX2-1 only occurred in LCNEC. Interestingly, no common CNVs are shared among the three subtypes. NFкBIA amplification is the only CNV found in both LCNEC and LCC, and AKT2 amplification is only CNV shared by LCNEC and SCLC. Collectively, our data demonstrate that most CNVs are subtypespecific. 
Pathway enrichment analysis
We next performed pathway enrichment analysis based on all of the mutated genes identified from each subtype to reveal functionally aberrant pathways. Collectively, 16 genes for SCLC, 23 genes for LCNEC, and 9 genes for LCC were used for the analysis. Enrichment analysis was performed using the Database for Annotation, Visualization and Integrated Discovery based on all metabolic and non-metabolic pathways in the Kyoto Encyclopedia of Genes and Genomes. The cut-off criteria chosen as the default included an EASE score (a modified Fisher's exact P value proposed by the software) of 0.1 and a minimum of two genes belonging to a pathway. Our data revealed 53 enriched pathways for at least one subtype. The most enriched pathways are shown in Figure 3b . All three subtypes have mutations in genes participating in the following pathways: PI3K-Akt, small cell lung cancer, MAPK signaling, and apoptosis (Fig 3) . The PI3K-Akt pathway was the most enriched pathway. Interestingly, we also observed a number of pathways that were only shared by LCNEC and SCLC, including but not limited to ERBB signaling, focal adhesion, and Jak-STAT signaling. Among the 11 most enriched pathways listed, only one pathway, the p53 signaling pathway, was shared between LCNEC and LCC. Collectively, the pathway analyses show that LCNEC and SCLC have more functionally aberrant pathways in common, suggesting their mutational commonality.
Tumor mutational burden analysis
The association between high TMB and the efficacy of immune checkpoint inhibitors has been established in an array of cancer types, including lung cancer. TMB has been shown as a better biomarker for predicting PD-1 and PD-L1 blockade immunotherapy than PD-1 or PD-L1 expression. We investigated the landscape of TMB associated with each subtype. A previous study reported that TMB can be accurately assessed using targeted comprehensive genomic profiling. Across the entire data, the median TMB was 8.75 mutations/Mb (range: 2.5-32.5 mutations/Mb). Our data is comparable to the median TMB reported for lung cancer, which is 7.2 mutations/Mb. The median TMBs for LCNEC, SCLC, and LCC are 10, 5, and 10 mutations/Mb, respectively. TMB is comparable between LCC and SCLC, as well as between LCC and LCNEC. LCNEC has a higher TMB than SCLC (P = 0.021) (Fig 4) . There is a very substantial range of TMB in LCC, ranging from 5 to 32.5 mutations/Mb, suggesting great heterogeneity within this subtype. Larger cohort studies are needed to accurately assess the range. The TMB of each patient is included in the supplemental material (Table S1 ). In summary, we examined TMB for each subtype and revealed a higher TMB in LCNEC.
Discussion
In this study, we performed capture-based ultra-deep targeted sequencing to compare the molecular profiles of histologically classified primary LCNEC, LCC, and SCLC. To the best of our knowledge, this is the first study to compare and contrast these three subtypes. Our data reveal a distinct molecular profile associated with LCNEC, evident by a high prevalence of CNA and a set of four genes: RUNX1, ERBB4, BRCA1, and EPHA3. In addition, our analysis also revealed similarity among the three subtypes. For example, the high frequency of inactivating mutations in RB1 was observed in all three tumor types. The mutation frequency of RB1 identified in our study was consistent with the findings of previous studies, which reported a mutation frequency of 39-69.5% in SCLC [16] [17] [18] [19] [20] and 38% in LCNEC. 21 We revealed 50% and 36% prevalence in SCLC and LCNEC patients, respectively. At present, once diagnosed, LCNEC is often treated with SCLC chemotherapy regimens. Some studies have suggested that LCNEC can be further classified into two major subgroups: small-cell like carcinomas and non-small cell like carcinomas, with distinct chemotherapy treatment outcomes based on RB1 status. 22 In our LCNEC cohort, four patients had concurrent TP53 and RB1 mutations, a hallmark of SCLC. Compared to the literature, our cohorts exhibited both similarities and distinctions. We did not observe KRAS mutation in our LCC patients, which is reported as the most frequently mutated gene. 23 This disparity can potentially be explained by ethnicity differences and the limited cohort size. Unfortunately, we only included five LCC patients. Larger cohort studies are necessary to confirm our findings.
Furthermore, our pathway analyses suggested more commonalty between LCNEC and SCLC than LCNEC and LCC. Among the 11 most enriched pathways listed, four were shared by all three subtypes, six were shared by LCNEC and SCLC, and only one pathway was shared by LCC and LCNEC, suggesting more commonality between LCNEC and SCLC. The most frequently mutated pathway was the PI3K-AKT signaling pathway, suggesting the important role this pathway plays in the development of all three subtypes. Genomic alterations in this pathway have been reported as a promising therapeutic target in SCLC. 16, [24] [25] [26] Therefore, inhibitors targeting this pathway may potentially also offer therapeutic efficacy to LCNEC and LCC patients.
It is becoming evident that a subset of LCNEC tumors shares mutational patterns with SCLC and LCC, whereas others carry mutations typically altered in nonneuroendocrine tumors. 14, 21, 27, 28 Currently, the standard of care for advanced or refractory LCNEC patients is combination chemotherapy. It is interesting to note that a large percentage (64.29%) of LCNEC patients harbor mutations in genes either with Food and Drug Administration approved drugs or with drugs in advanced trials, such as BRCA1 and ERBB4 mutations, and EGFR, KIT, and PDGFRA amplifications, respectively. [29] [30] [31] [32] [33] [34] Our analysis highlighted the potential of using targeted therapy in patients with LCNEC.
The predictive value of TMB of anti-PD1 therapies has been confirmed in an array of cancers, including lung cancer. In this study we characterized the TMB for each subtype, revealing that LCNEC harbors a higher TMB than the other two subtypes, consistent with the results of a previous study, suggesting that such patients may benefit from immune checkpoint blockade. 19 In conclusion, our study revealed a distinct genomic profile for LCNEC compared to LCC and SCLC. LCNEC harbors more CNVs and contains a panel of genes, including RUNX1, ERBB4, BRCA1, and EPHA3, which are distinctively mutated. Such a signature can potentially be used to distinguish LCNEC. Large studies are needed to validate the signature.
